DeRuiter et al Formation of Pulmonary and Bronchial Arteries and Veins pulmonary tributaries of the bronchial arteries as "pleuro-hilar vessels."
The common venous drainage of the bronchial and pulmonary systems allows the bronchial arteries not only to have a nutritive function but enables them to serve as a collateral artery in case of general obstruction of a pulmonary artery,8 emphysema,2 or sudden pulmonary edema caused by left heart failure. 7 In case of congenital obstruction,9-11 other vessels present only during normal development can be considered as sources for collateral artery supply. These can be persisting ventral splanchnic aortopulmonary vessels12 or persisting ventral segmental arteries.'0'1' Current data on the embryonic development of the bronchial and pulmonary vasculature cannot explain satisfactorily the possible origin of congenital systemicpulmonary collateral arteries. In the older literature on vessel development, there are two main lines of thought that partly overlap. First of all, there is the description of a splanchnic plexus surrounding the foregut that either originates from the endocardial tube13 or even takes up contribution from surrounding systemic arteries and veins.'4 Brown15 and Squier'6 assume that the pulmonary vasculature develops from this splanchnic plexus. Several authors describe transient connections between the developing lung vasculature and the dorsal aorta,12,'7-19 the gut vasculature,16'20 and the systemic veins.20,2 On the other hand, investigators focused on the development of the pulmonary arteries growing from the aortic sac22 or from the dorsal aorta'8 into the developing lungs, in which a preexisting plexus may be present. The development of the central pulmonary veins is then described as a proliferation of the endocardium of the atrium into the splanchnic mesoderm of the foregut and the lung buds,'4"9'23 which already may possess a venous splanchnic plexus.20 Literature regarding the bronchial arteries and veins is scant; however, Boyden24'25 described the growth of bronchial arteries from the descending aorta in the fetal period after establishment of the pulmonary system in one normal and one abnormal embryo, and the venous drainage of the bronchial arteries has been described as a remnant of the pulmonary plexus connected once with the systemic veins. 2' Recent studies from our own group, using the mono- 4°C . After embedding in paraplast, the embryos were serially sectioned transversely at 3 gm. The deparaffinated and rehydrated sections were incubated with the aMB1 monoclonal antibody, diluted in phosphate-buffered saline (PBS) with 0.05% Tween-20 and 0.1% bovine serum albumin. The overnight incubation at room temperature was followed by washing in PBS with 0.05% Tween-20. Subsequently, the slides were incubated for 2 hours with rabbit anti-mouse IgG conjugated to horseradish peroxidase in the same buffer as the primary antibody. After washing in PBS, the staining reaction was performed with 0.04% diamino benzidine tetrahydrochloride in 0.05 M tris-maleic acid (pH 7.6) with 0.07% imidazole and 0.06% hydrogen peroxide for 10 minutes, followed by washing in the buffer. Negative controls, omitting aMB1 or the second antibody, were also included in the staining protocols. Last, the sections were briefly counterstained (10 seconds) with Mayer's hematoxylin.
The aMB1 antibody detects quail endothelial cells and hemopoietic cells of the white blood cell line.26 For the description of the developing vascular network, it was necessary to distinguish between endothelial cells that line a lumen and precursors of endothelial cells that are also aMB1 positive but do not line a lumen. These precursors can be found in isolation or may be connected to each other, forming strands of cells.
India Ink Injections
Chick embryos of stage HH11 to stage HH28 were carefully removed from the yolk. It was important that the vitelline vessels were not damaged. The embryos were placed in a small dish with an agar bottom and covered by Locke solution (0.94% NaCl, 0.045% KCG, and 0.004% CaCI2) at 37°C. India ink, diluted in a 0.9% NaCl solution and filtrated through a 0.45 -,m millipore filter, was injected into a vitelline vein with help of a glass needle with a tip diameter of 10-16 ,um The Pharyngeal Arch System Stage HHII to stage HHJ3. During these stages, the first pair of pharyngeal arch arteries has a large circular lumen connecting the endocardial heart tube to the dorsal aorta (see Figure 2A ). These arteries are con- Figure 3B ).
Whereas the second pair of pharyngeal arch arteries develops from the splanchnic plexus, the proximal parts of the first pair of pharyngeal arch arteries remain connected to this plexus by strands of endothelial precursors ( Figure 3A ). Figure 4D ); this occurs in the second one at stage HH23 ( Figure 6A ).
The third pair of pharyngeal arch arteries maintains its wide lumen during these stages. The connections with the developing ventral pharyngeal veins have disappeared at stage HH21 ( Figure 6B ). However, later on, the endothelial plexus around the third pair extends considerably and merges with the lumenized MPES ( Figures 6B and 6C) . As a result, the vascular plexus cranial to the laryngotracheal groove, at the level of the second arches, is connected to the left and right ventral pharyngeal veins as well as to the atrial segment. As will be described below, this last connection can be considered as the cranial tributary of the central pulmonary veins.
The narrow lumen of the fourth and sixth pairs of pharyngeal arch arteries widens to the size of the third from stage HH23 onward ( Figures 4D and 6C ). The number of connections consisting of endothelial cells and strands of precursors between the arteries, the ventral pharyngeal veins, and the common cardinal veins decreases gradually ( Figures 4C and 4D) . In some cases, vascular connections located between the fourth and sixth pairs persist shortly, giving the impression of an intermediate fifth pharyngeal arch artery ( Figure  4D lungs (Figure 2A ). The exact cranial and caudal demarcation is, however, not distinct during these stages. To describe the development of the vascular system in the lungs, this area is divided arbitrarily into three parts with respect to the developing endodermal evaginations of the lung buds, that is, into a dorsal, a ventral, and a caudal aspect.
In the caudal aspect, many endothelial precursors are present, situated between the dorsal aorta, the sinus venosus ( Figure 3C ), the omphalomesenteric veins, and 'I. Figure 3D ) close to the transition zone of the lateral mesoderm and the head mesenchyme. These precursors cover an area 40 ,um wide and will give rise to the pulmonary arteries.
The ventral aspect of the developing lungs is lined by the endocardium of the atrial segment. At stage HH13, the MPES, still connected to the endocardium of the atrium by way of the dorsal mesocardium, lumenizes near the venous pole ( Figure 3D) Figure 2B ). Except for their junction with the sixth pair of pharyngeal arch arteries, parts of these strands ( Figure SC) start to lumenize at stage HH17.
The splanchnic plexus in the caudal aspect of the lung goes through a number of alterations. At stage HH15, when the endodermal hepatic diverticulum starts to develop, the endothelial precursors contact the dorsal aorta, so the plexus extends from the dorsal aorta via the liver primordium and midgut to the vitelline vessels. The strands lumenize in the areas of the liver and midgut at stage HH16 and consist of many endothelium-lined vessels at stages HH17 and HH18 ( Figures 4B  and SD) . At the ventral aspect of the developing lungs, no significant alterations are seen in these stages.
Stage HHJ9 to stage HH27. In the dorsal aspect, the pulmonary arteries contain for the greater part a lumen.
The proximal parts consist of endothelial precursors up to stage HH21 (see Figure 2C ). From this stage onward (about 35 somites), the proximal parts of the pulmonary arteries start to lumenize and to lose their connections with the veins. They still have irregular connections with the sixth pharyngeal arch arteries at stage HH25 (Figure 7A) . The more posterior parts of both pulmonary arteries contain a small but circular endothelium-lined lumen, whereas locally mesenchymal condensations already indicate the developing media.
The endothelial precursors ventral to the lung buds lumenize and form the caudal tributaries of the central pulmonary veins at stage HH19. At this stage, the lumen of the pulmonary veins is wider than those of the pulmonary arteries ( Figure 6D) .
The lumenized connections of the caudal part of the pulmonary vasculature with both the dorsal aorta and the omphalomesenteric veins disappear gradually. The vascular connections with the dorsal aortas disappear at stage HH20 ( Figure 4D ), whereas the last endothelial connections between the pulmonary and midgut vasculature ( Figure 6E ) are seen at stage HH27. As a result, each lung bud is dorsally accompanied by a pulmonary artery and ventrally by a vein and by a vascular plexus around its tip.
The Bronchial Vasculature (Stage HH21 to Stage HH28)
As described in the previous section, the connections between the pharyngeal arterial system and both the ventral pharyngeal veins and the cardinal veins disappear from stage HH21 onward ( Figure 2D ). At the same time, there is a marked increase in the number of endothelial cells and mainly precursors in the mesenchyme, forming an extensive plexus in the area between the sixth pair of pharyngeal arch arteries, the pulmonary arteries, the dorsal aortas, the ventral pharyngeal veins, and the common cardinal veins (Figures 6C and  7A ). This plexus again forms lumenized connections with the ventral pharyngeal and cardinal veins until stage HH25. With the growth of this plexus, it becomes very difficult in sectioned material to discriminate between the various vascular systems.
From stage HH26 onward, the dorsal aorta, surrounded by many precursors (Figure 7B ), and the dorsal intersegmental arteries become connected again to the splanchnic plexus ( Figure 7C ). As a result, the definitive vascular system of the bronchi, trachea, and esophagus is formed (the pleuro-hilar vessels), which is supplied by the dorsal aorta and the dorsal intersegmental arteries and drained by both the cardinal veins and the central pulmonary veins. Because the area of the lung hilus undergoes many spatial changes in older stages, the bronchial arteries cannot be differentiated into intrapulmonary and extrapulmonary parts at stage HH28. In the proximal parts of the bronchi, the bronchial arteries of the vascular plexus lose most of their contacts with the pulmonary arteries ( Figure 7D ), whereas more distally they remain inseparable from the pulmonary arteries and veins. ventrally from the foregut. In these studies, the angioblastic cells were defined morphologically.
In contrast to earlier investigations, we were able to study both the lumenized and nonlumenized parts of the splanchnic vasculature using the combination of the aMB1 monoclonal antibody26 against endothelial cells and precursors as well as india ink injections. In this way,27 we investigated the formation of the vascular system in quail embryos between stages HH5 and HH13. It showed that the initial vascular network, positioned at the interface of splanchnic mesoderm and endoderm, of a 4-somite quail embryo (HH8) is remodeled during the growth of the embryo to give rise to the endocardium of the heart tube, pharyngeal arch arteries, dorsal aortas, and vitelline veins. Therefore, it was concluded that not all endothelial cells in the splanchnic mesoderm around the foregut arise by vasculogenesis but that they also can originate from the initial vascular plexus, a phenomenon also observed in the mouse embryo.31 This can explain the observation32,33 that even the youngest lung buds used in quail-chick transplantation experiments contain endothelial precursors that have differentiated in situ. These endothelial precursors assemble to form endothelium-lined blood vessels. [34] [35] [36] In the youngest embryos studied, three parts of the splanchnic plexus actually belong to the initial vascular network of the 4-somite embryo31: 1) the cranial part that gives rise to the pharyngeal arch arteries, 2) the MPES, which is derived from the proendocardium during the formation of the endocardial heart tube and the dorsal mesocardium, and 3) the caudal part located in the lung area between the dorsal aortas, sinus venosus, and vitelline vessels. Mitosis of precursors and remodeling of vessels (e.g., the first pharyngeal arch) may contribute to the expansion of the plexus. The splanchnic plexus merges fluently with the endothelial cells and precursors in the lateral mesoderm and the head mesenchyme. The latter two are developmentally lagging behind because in these areas more precursors are seen, whereas the ventral part of the splanchnic plexus contains more endothelial cells lining a lumen.
Development of the Pulmonary Artery and Vein
Many investigators studied the development of the pulmonary arteries and the pulmonary veins but were only able to describe the development of the lumenized part of the vascular system because of the techniques available. Congdon,22 for instance, described that the pulmonary artery develops as a lumenized sprout from the aortic sac, whereas Huntington18 described a number of sprouts from the dorsal aortas. According to other investigators,14,19'23,37 the pulmonary vein develops by a proliferation of the endocardium of the sinus venosus into an originally avascular splanchnic mesoderm. Brown15 and Squier16 came close to our observations in stating that the pulmonary artery and vein gut. The connection of this network (or so-called splanchnic plexus) to the aortic sac and the sinus venosus has been described as giving rise to the pulmonary artery17,38 and pulmonary vein,38 respectively.
Our results, using the immunohistochemical approach, show that the pulmonary artery and vein develop from this splanchnic plexus by connecting to preexisting vessels. Outgrowth of endothelial sprouts from existing vessels (the dorsal aortas, the cardinal veins, and the atrial segment) into areas lacking endothelial precursors was not observed. Precursors were always present surrounding the large lumenized arteries and veins before new vessels arose.
The varying descriptions on the assumed outgrowth of the pulmonary arteries from the aortic sac,'922 the dorsal aortas,'8 or from the sixth pair of pharyngeal arch arteries3940 can be understood by (species-specific) variations in luminization of the splanchnic plexus. The same holds for the view that the central pulmonary veins sprout from the atrial wall, whereas our studies show that this endothelium of the pulmonary veins has been connected to the atrial endocardium right from the beginning.
Pulmonary Versus Bronchial Vasculature
There is limited literature available concentrating specifically on the development of the bronchial system. The description of Boyden24,25 refers to one normal and one abnormal human embryo in which the pulmonary arteries are established in the seventh week of gestation. The bronchial arteries develop as lumenized sprouts from the descending aorta to the bronchi in the ninth to 12th week of gestation. According to Boyden, the time lag between the formation of both indicates the development of two separate systems. As our serial sections show, it is virtually impossible to study the development of the very complex bronchial system without a specific endothelial staining.
Our data show that the bronchial vessels arise from the same splanchnic endothelial plexus as the pulmonary vessels. From stage HH21 onward, the vascular plexus between the pulmonary arteries and the systemic veins is remodeled to give rise to the bronchial vessels at stage HH26. The number of connections of both the pulmonary arteries and systemic veins with bronchial vessels related to the esophagus, trachea, and proximal parts of the bronchi decreases. This part of the bronchial system, defined as pleuro-hilar vessels,2 will be drained by the azygos, hemiazygos, or one of the intercostal veins.2,5,6 Our work is supported by the work of Shaner,21 who stated that the (extrapulmonary) bronchial veins are remnants of connections of the pulmonary plexus with the systemic veins.
Around the distal parts of the bronchi, the pulmonary and bronchial vessels remain inseparable during the described stages of development. Many strands of precursors connect both systems. This explains the feasibility of an extensive anastomosing system between the intrapulmonary bronchial and pulmonary system in the normal lung.4'5'7 It can also be seen as an explanation for the common venous drainage of the pulmonary and bronchial arteries through the pulmonary veins described by develop from a network of capillaries around the fore- arterial system during development. In fact, this is in line with our data on normal development of the vascular system in the lung area as explained in the present study. It might be relevant in this respect to mention that we can support those studies46 that indicate that it is highly unlikely to find a ductus arteriosus and a collateral artery supply to the same lung. A clear embryological explanation is still lacking.
In conclusion, we feel that there is a need for further research into the development of abnormal connections between the systemic and pulmonary system, both extrapulmonary and intrapulmonary, preferably in an experimental setting.
